. Finally, we demonstrate that biologically synthesized NO regulates the expression of IREcontaining mRNAs in target cells by passive diffusion and that oxidative stress endogenously generated by pharmacological modulation of the mitochondrial respiratory chain activates IRP-1, underscoring the physiological significance of NO and reactive oxygen intermediates as regulators of cellular iron metabolism. We discuss models to explain the activation pathways of IRP-1 and IRP-2. In particular, we suggest the possibility that NO affects iron availability rather than the iron-sulfur cluster of IRP-1.
The iron-regulatory proteins IRP-1 and IRP-2 are cytoplasmic mRNA-binding polypeptides which regulate several mRNAs containing iron-responsive elements (IREs) in their untranslated regions (reviewed in references 30, 31, and 38) . IRP binding to the IREs in the 5Ј untranslated regions of ferritin and erythroid 5-aminolevulinate synthase mRNAs represses their translation (12, 37, 47) , whereas binding of IRPs to multiple IREs in the 3Ј untranslated region of transferrin receptor (TfR) mRNA confers stability against targeted endonucleolytic degradation (2, 4, 39) . Therefore, the signals that control IRE binding by IRPs regulate the expression of these IRE-containing mRNAs and exert a profound influence on cellular iron metabolism.
IRP-1, formerly referred to as IRE-BP, FRP, IRF, or IRP, has two mutually exclusive activities, which are switched by changes in an iron-sulfur cluster (6) . With a fully assembled 4Fe-4S cluster in iron-replete cells, IRP-1 is a cytoplasmic aconitase, whereas in its apoprotein form in iron-deficient cells, IRP-1 binds with high affinity to IREs (10, 14, 19, 20, 28) . Posttranslational interconversion between the 4Fe-4S-and apoprotein forms thus constitutes the basis for the regulation of IRP-1 activities by iron (22, 41, 46) . In addition to iron, nitric oxide (NO) acts as an independent regulatory signal (8, 42, 49) . Very recently, H 2 O 2 was revealed to regulate IRP-1 (36, 43) . The activation of IRP-1 by H 2 O 2 represents a direct regulatory link between cellular iron metabolism and oxidative stress, an intriguing constellation in light of Fenton chemistry, e.g., the generation of highly toxic hydroxyl radicals by ferrous iron and H 2 O 2 . On the basis of biochemical evidence, iron deficiency, NO, and H 2 O 2 all appear to induce the conversion of 4Fe-4S IRP-1 to apoIRP-1 (19, 42, 43) , although this interpretation will require further investigation by more-direct analytical methods.
IRP-2, formerly also known as IRE-BP2, IRF B , or IRP B , is less well characterized. IRP-2 activity was originally identified in murine cells (18, 23) and appears to be present in almost all species and cell types expressing IRP-1 (16, 22, 23, 45) . Rat IRP-2 exhibits 61% amino acid identity and 79% similarity with rat IRP-1 (16) . The two proteins differ most significantly in their amino termini: IRP-2 contains a 73-amino-acid insertion encoded by a unique exon (16, 27) . In contrast to IRP-1, IRP-2 lacks aconitase activity (18) , despite the conservation of 16 of the 18 aconitase active-site residues. The three cysteine residues that coordinate the Fe-S cluster in IRP-1 are conserved in IRP-2 (16) . However, IRP-2 regulation does not appear to require the formation of an IRP-1-like cubane ironsulfur cluster (27) . IRP-2 is degraded in iron-replete cells and accumulates in iron-deficient cells requiring de novo protein synthesis (18, 22, 41, 45) . The 73-amino-acid insertion contains a cysteine-rich element which mediates iron-dependent degradation of IRP-2, possibly by the proteasome pathway (17, 27) .
We have previously shown that like IRP-1, activity IRP-2 activity is increased by NO (42, 49) . However, no data regarding the effect of H 2 O 2 on IRP-2 are available. As both NO and H 2 O 2 are frequently considered to be members of a family of diffusible reactive signalling molecules (for a review, see reference 29), we characterized and delineated the pathways of the responses of IRP-1 and IRP-2 to these two signals and compared them with the responses elicited by iron starvation.
MATERIALS AND METHODS

Cell treatments and reagents. Murine B6 and Ltk
Ϫ fibroblasts were grown in Dulbecco modified Eagle medium (DMEM) supplemented with 2 mM glu-tamine, 100 U of penicillin per ml, 0.1 ng of streptomycin per ml, and 10% fetal calf serum. Treatments with H 2 O 2 were performed as described previously (43) . Desferrioxamine, DL-penicillamine, paraquat, N G -monomethyl-L-arginine (NMMA), cycloheximide, and antimycin A were purchased from Sigma (St. Louis, Mo.). Sodium nitroprusside (SNP), 3-morpholinosydnonimine (SIN-1), 1-hydroxy-2-oxo-3,3-bis-(3-aminoethyl)-1-triazene (NOC-18), and S-nitroso-Nacetyl-DL-penicillamine (SNAP) were from Alexis Corporation (Läufelfingen, Switzerland). Nitroglycerine and heme arginate were generous gifts of Schwarz Pharma AG (Monheim, Germany) and Leiras Oy (Turku, Finland), respectively. Treatment conditions are described in detail in Results and in the figure legends.
Coculture of B6.NOS and B6.IREhGH fibroblasts. The B6.NOS and B6.IREhGH cell lines are derived from the murine fibroblast cell line B6 by stable transfection and were maintained in Dulbecco modified Eagle medium supplemented with additives and 0.1 mM sodium hypoxanthine-0.4 M aminopterin-16 M thymidine. B6.NOS cells express the murine macrophage nitric oxide synthase (NOS) (42) , and B6.IREhGH cells (referred to as FerGH in reference 7) express an IRE-containing human growth hormone (hGH) mRNA. B6.NOS cells (3 ϫ 10 6 ) and B6.IREhGH cells (1 ϫ 10 6 ) were cocultured. Following incubation with 5 mM sodium butyrate (to augment transcription from the transfected genes) plus 5 M ferric ammonium citrate (to prevent cellular iron deprivation) for 8 h, the cells were treated overnight in fresh medium with or without 400 M NMMA (a substrate analog inhibitor of NOS) or 10 mM L-arginine (substrate of NOS). Nitrite production in the supernatant of the culture was assessed by the Griess color reaction (15) , and 100 M heme arginate or 100 M desferrioxamine was added. After 4 h, cells were labelled for 2 h with [
35 S]methionine (50 Ci/ml). Heme arginate, desferrioxamine, NMMA, or L-arginine treatment was continued during metabolic labelling.
Immunoprecipitation of 35 S-labelled proteins. Quantitative immunoprecipitation from equal amounts of trichloroacetic acid-insoluble radioactivity was performed as described previously (37) . Following normalization, half of the lysate was subjected to immunoprecipitation with polyclonal hGH antibodies (National Hormone and Pituitary Program, Baltimore, Md.). The other half was incubated with ferritin antibodies (Boehringer Mannheim, Indianapolis, Ind.) and U1A antiserum (kindly provided by Iain Mattaj, EMBL). Immunoprecipitated 35 Slabelled polypeptides were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by fluorography and autoradiography.
EMSA. Electrophoretic mobility shift assays (EMSAs) were performed as described earlier (34) with a radiolabelled IRE probe (42) .
RESULTS
Intercellular signalling to IRPs by nitric oxide.
In cells expressing NOS, NO activates endogenous IRP-1 and IRP-2 (8, 42, 49) . Since much of the physiology of NO-mediated responses is based on intercellular signalling by NO diffusion from NOS-expressing cells to target cells, the effect of intercellular NO signalling to IRPs was directly investigated. We utilized B6 fibroblasts that were stably transfected with a murine macrophage NOS plasmid (B6.NOS cells) (42) and B6.IREhGH cells, which express an IRE-containing hGH reporter mRNA. These two otherwise identical cell lines were cocultured at a ratio of 3 (B6.NOS) to 1 (B6.IREhGH). Following metabolic labelling with [ 35 S]methionine, translation of the hGH reporter mRNA was analyzed by hGH immunoprecipitation (Fig. 1, bottom panel) . As a result of iron-dependent changes in IRP activities, hGH biosynthesis is elevated in cells treated with heme arginate (Fig. 1, bottom panel, lanes 1 to 3) and is inhibited in cells treated with the iron chelator desferrioxamine (lanes 4 to 6). NO release by B6.NOS cells results in complete repression of hGH biosynthesis in B6.IREhGH cells (Fig. 1, lane 7) , which is restored by blocking NO synthesis with the stereospecific inhibitor NMMA (lane 8). Simultaneous treatment with 400 M NMMA and an excess of substrate (10 mM L-arginine) restores NO release (evident from the nitrite levels in the culture supernatant) and the inhibition of hGH biosynthesis (Fig. 1, lane 9) . In cells pretreated with heme, hGH expression is also regulated by NO, albeit less extensively (compare lanes 1 and 3 with lane 2). As controls, ferritin and the non-IRP-regulated spliceosomal protein U1A were immunoprecipitated (Fig. 1, top panel) . While U1A levels remain unchanged, ferritin biosynthesis (positive control) in B6.NOS (75%) and B6.IREhGH (25%) cells is regulated by iron and NO, paralleling the expression of hGH in B6.IREhGH cells. We conclude that NO regulates iron metabolism by both intercellular and intracellular signalling to IRPs.
To reproduce intercellular NO signalling to study the NOmediated activation pathway in a pharmacologically defined way, different NO donors were tested for their effects on IRPs. B6 cells were treated for 4 and 8 h with the following compounds at 100 M: the NO donors nitroglycerine, NOC-18, and SNAP, the SNAP precursor DL-penicillamine, SNP (an agent used to nitrosylate thiol groups via NO ϩ [35] ), SIN-1 (which simultaneously releases NO and superoxide anion, yielding peroxynitrite [11] ), the superoxide anion-releasing substance paraquat, and a combination of SNAP and paraquat. Cytoplasmic extracts were analyzed for IRE-binding activity by EMSA with a radiolabelled IRE probe.
Treatment with 100 M NOC-18 and SNAP for 4 and 8 h activates IRP-1 (Fig. 2 , top panel, lanes 5 to 6 and 13 to 14), in contrast to treatment with the SNAP precursor DL-penicillamine (lanes 7 and 15), indicating that the effect of SNAP results from the release of NO. Treatment with nitroglycerine, SNP, and SIN-1 fails to activate IRP-1 under these experimental conditions. Consistent with our previous observations, paraquat partially induces IRP-1 activity (Fig. 2 , lanes 9 and 17), possibly by dismutation of superoxide anion to H 2 O 2 (43) . Activation of IRP-1 by SNAP is not augmented under conditions which favor generation of peroxynitrite (lanes 8 and 16), in agreement with recent observations (44) . Treatment of cell extracts with 2% 2-mercaptoethanol (2-ME) to activate 4Fe-4S IRP-1 in vitro (24) confirmed the equal loading of all lanes (Fig. 2, bottom concentrations of SNAP (up to 1 mM) were found not to augment IRP activation (data not shown). Since SNAP appears to be a suitable NO donor with well studied pharmacological properties (NO release in aqueous solutions is linear over a wide concentration range, and 100 M SNAP yields ϳ1.4 M NO per min at 37ЊC [11] (Fig. 3) . As recently shown for IRP-1 (36, 43), activation by H 2 O 2 is rapid: after 30 min, IRP-1 activity is strongly induced, and it remains elevated for 8 h of treatment (Fig. 3,  lanes 1 to 7) . We noticed that cell viability was affected by prolonged H 2 O 2 treatment (Ͼ4 h). Importantly, H 2 O 2 does not significantly activate IRP-2 over 8 h of treatment (Fig. 3,  lanes 1 to 7) , which is in contrast to the rapid activation of IRP- In contrast to the case for H 2 O 2 , we found that the activation of IRP-1 and IRP-2 upon treatment with SNAP is surprisingly slow, with a kinetic induction pattern closely resembling that of iron deficiency (Fig. 3, compare lanes 8 to 13 with lanes 14 to  19) . Both IRP-1 and IRP-2 respond slowly to NO, and maximal activation requires, even with higher concentrations (data not shown), administration of SNAP for 8 to 12 h (Fig. 3, lanes 1  and 14 to 19) . A similar procedure with the SNAP precursor DL-penicillamine does not activate IRP-1 or IRP-2 (data not shown). Hence, the activation of IRPs can be divided into two kinetic classes: a fast response to H 2 O 2 , which is restricted to IRP-1, and a delayed response to iron deficiency or NO, which activates both IRP-1 and IRP-2.
The delayed-response mechanism of IRP-1 and IRP-2. To uncover similarities and/or differences between the mechanisms of the delayed response to NO and to iron deficiency, we first treated Ltk Ϫ fibroblasts for 12 h with 100 M desferrioxamine or SNAP in the presence or absence of the protein synthesis inhibitor cycloheximide (40 M). Consistent with our previous findings (41), cycloheximide does not prevent activation of IRP-1, but it completely abolishes the appearance of IRP-2 activity in response to desferrioxamine (Fig. 4, lanes 1 to  4) . Under the same conditions, cycloheximide does not prevent activation of IRP-1 by SNAP, while it completely inhibits IRP-2 (Fig. 4, lanes 5 and 6) . Thus, NO activates IRP-1 and IRP-2 in a separable manner and, concordant with the kinetic data, in a mode reflecting that of iron starvation. We also examined the effect of okadaic acid, an inhibitor of type I/IIa protein phosphatases, on the activation of IRP-1 and IRP-2 by NO. We recently reported that okadaic acid prevented the fast activation of IRP-1 by H 2 O 2 in B6 cells but not the delayed activation by desferrioxamine (43) , suggesting the involvement of protein phosphatases I/IIa in the H 2 O 2 -mediated IRP-1 induction pathway. In a subsequent series of experiments using okadaic acid as a marker for IRP-1 induction by H 2 O 2 , we observed differences in the ability of okadaic acid to affect the H 2 O 2 induction pathway. The effect of okadaic acid appears to be sensitive to the cell type and to the commercial preparation of okadaic acid used (data not shown). Since stress-mediated signal transduction pathways are interconnected and protein phosphatases can exert stimulatory and inhibitory functions within these pathways (26, 48) , their complexity argues against the use of okadaic acid as an unambiguous marker for the H 2 O 2 -mediated induction of IRP-1. With these caveats in mind, okadaic acid was found not to affect the activation of IRP-1 and IRP-2 by NO (data not shown) and desferrioxamine (43) .
Distinct responses of the fast-and the delayed-activation mechanisms to signal withdrawal: H 2 O 2 triggers an induction phase and an execution phase. The kinetic and pharmacological data suggest that an oxidative-stress-mediated (phosphorylationdependent) pathway may be responsible for the activation of IRP-1 by H 2 O 2 . In contrast, separable pathways lead to activation of IRP-1 (and IRP-2) by iron starvation and NO. To further delineate the fast-and the delayed-response pathways, we investigated the effect of signal withdrawal from the cells. SNAP, H 2 O 2 , or desferrioxamine was removed after a suboptimal activation time, and the cells were chased in the absence of the signal. Ltk Ϫ cells were treated with 100 M H 2 O 2 for 5, 10, or 15 min and either harvested or chased for up to 1 h. Similarly, they were treated with 100 M desferrioxamine or SNAP for 1 h and either harvested or chased for another 3 or 7 h. As controls, cells were treated with H 2 O 2 for 1 h or with desferrioxamine or SNAP for 4 and 8 h. Treatment with 100 M desferrioxamine or SNAP for 1 h does not activate IRP-1 or IRP-2 (Fig. 5A, lanes 1, 9, and 14) . Removal of the effector followed by a chase for 3 h (lanes 10 and 15) or 7 h (lanes 12 and 17) does not activate IRP-1 or IRP-2. For activation of IRP-1 and IRP-2, the continuous presence of desferrioxamine or SNAP for 4 or 8 h is required (Fig. 5A, lanes 11, 13, 16, and  18 ).
H 2 O 2 partially activates IRP-1 within 5 to 15 min, while complete activation is accomplished after 1 h (Fig. 5A) (43) . In contrast to the responses to desferrioxamine or SNAP removal, IRP-1 is progressively activated after the withdrawal of H 2 O 2 (Fig. 5A, lanes 3, 5, and 7) . A 45-min chase (execution phase) following a 15-min treatment with H 2 O 2 (induction phase) allows for maximal activation of IRP-1, which is indistinguishable from that when the effector is continuously present (compare lanes 6 and 7 with lane 8 in Fig. 5A ). IRP-2 also appears to be marginally activated in this experiment (lanes 8 and 9). Exposure of cells to H 2 O 2 for as short a time as 5 min, followed by a 55-min chase, also partially induces IRP-1 (Fig. 5A, lanes 1 to 3) .
To study for how long the activation of IRP-1 is maintained in the absence of the inductive signal, Ltk Ϫ cells were first treated with 100 M desferrioxamine or SNAP for 12 h and then chased without the inducer for 2, 4, 6, and 8 h. Under these conditions, IRP-1 remains induced for 4 to 6 h after desferrioxamine or SNAP withdrawal (data not shown). We then treated Ltk Ϫ cells with 100 M H 2 O 2 for 15 min or 1 h and chased for up to 8 h following removal of H 2 O 2 (Fig. 5B) . Consistent with the data in Fig. 5A , a 15-min pulse with H 2 O 2 partially induces IRP-1, and the induction is completed within 1 h (compare lanes 1, 2, 3, and 8 in Fig. 5B ). IRP-1 induced by a 15-min pulse of H 2 O 2 remains active for at least 4 h (lanes 3 to 7). When cells are fully induced by treatment with H 2 O 2 for 1 h, the effect lasts ϳ2 h longer (Fig. 5B, lanes 9 to 13) . Thus, a transient exposure of cells to micromolar concentrations of H 2 O 2 suffices to cause lasting IRP-1 activation.
Induction of IRP-1 by pharmacological modulation of mitochondrial respiration. A physiological role of IRP-1 may be based on its ability to respond to altered levels of reactive oxygen intermediates. Since the mitochondrial respiratory chain represents one of the major sources of reactive oxygen intermediates in eukaryotic cells, we asked whether oxidative stress generated by the respiratory chain regulates IRP-1 activity. We treated cells with antimycin A, an inhibitor of complex III that increases the mitochondrial generation of reactive oxygen intermediates (3). Treatment of B6 and Ltk Ϫ fibroblasts with 100 M antimycin A for 2 h markedly induces IRP-1 in both cell lines (Fig. 6) , comparable to the induction elicited by 100 M exogenous H 2 O 2 supplied for 1 h and desferrioxamine treatment for 8 h (compare lanes 1 to 4 and lanes 5 to 8). Similar to the effect of exogenous H 2 O 2 , antimycin A fails to induce IRP-2 in both cell lines, while IRP-2 is appreciably induced by iron deficiency. We conclude that respiratory chain activity affects IRP-1.
DISCUSSION
In this report, we delineate the signal-response relationships of the two central mammalian iron-regulatory proteins, IRP-1 and IRP-2. We identify signalling requirements for activation of their IRE-binding properties, which subject the IRE-containing mRNAs to posttranscriptional regulation and thus exert a profound influence on iron metabolism. The information concerning the activation of both IRPs by the three different effectors is summarized in Fig. 7 : IRP-1 responds to NO and to FIG. 4 . Activation of IRP-1 by NO is posttranslational, while NO activation of IRP-2 requires de novo protein synthesis. Ltk Ϫ fibroblasts were left untreated (lanes 1 and 2) or were treated for 12 h with 100 M desferrioxamine (Desf.) (lanes 3 and 4) or 100 M SNAP (lanes 5 and 6) in the absence (lanes 1, 3, and 5) or presence (lanes 2, 4, and 6) of 40 M cycloheximide (chx), which completely blocks protein synthesis under these conditions (41) . SNAP was replaced with fresh solutions after 6 h. Cytoplasmic extracts (25 g) were analyzed by EMSA with 25,000 cpm of 32 P-labelled IRE probe in the absence (top panel) or presence (bottom panel) of 2% 2-ME. Only the IRE-IRP-1 and IRE-IRP-2 complexes are depicted.
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iron deficiency by delayed, okadaic acid-insensitive induction, while its activation by H 2 O 2 is fast and, under certain conditions, sensitive to okadaic acid. In all cases the activation of IRP-1 is posttranslational and appears to result from the conversion of 4Fe-4S IRP-1 to apoIRP-1. On the other hand, IRP-2 responds only to iron deficiency and NO and is largely unaffected by H 2 O 2 . IRP-2 activation is slow, is insensitive to okadaic acid, and requires ongoing protein synthesis. In regard to NO as a physiological regulator of iron metabolism, we show here that NO controls IRE-binding activity by intercellular signalling. We previously demonstrated that cytokine-induced J774.A1 and RAW 264.7 macrophage cells repress ferritin biosynthesis via endogenously produced NO (49) but, surprisingly, show decreased TfR mRNA levels (42) . In contrast, target cells exposed to NO by intercellular signalling display the full spectrum of IRP-mediated responses, including translational repression of IREhGH mRNA and increased TfR mRNA expression ( Fig. 1) (40) . Thus, intercellular signalling by NO offers response diversity between the effector cells (induced macrophages) and target cells. Kinetic separation into fast (H 2 O 2 ) and delayed (NO) IRP-1 response pathways: mechanistic considerations. Our results show that the responses of IRPs to H 2 O 2 and NO can be classified into two distinct kinetic classes: (i) fast responses to H 2 O 2 , involving rapid activation of IRP-1, and (ii) delayed responses to NO, involving activation of both IRP-1 and IRP-2. NO and H 2 O 2 constitute distinct signals to IRPs, as evident from the target specificity and biochemical parameters (kinetics, okadaic acid sensitivity, and sensitivity to inducer withdrawal). This was not anticipated, as the biochemistry of NO is closely related to that of reactive oxygen intermediates (29) .
The delayed responses of IRP-1 and IRP-2 to NO and to iron deficiency cannot be attributed to pharmacological properties of the compounds used, i.e., SNAP and desferrioxamine, respectively: desferrioxamine is rapidly taken up into cells, reaching a plateau within 60 min (33), while SNAP readily releases diffusible NO into aqueous solutions (11) . The kinetics of IRP induction were previously also studied in the murine macrophage cell line RAW 264.7 (8) . Stimulation of these cells with gamma interferon and lipopolysaccharide induces an NOS and results in a slow, NO-dependent increase in IREbinding activity within 5 to 12 h. The kinetics of NO synthesis were monitored indirectly by measuring the appearance of nitrite in the culture medium, which precedes IRP activation by several hours (8) . Thus, our direct analysis of the kinetics of IRP-1 and IRP-2 induction by NO yields data that are consistent with that study and suggests that the delayed activation of IRE-binding activity in the stimulated macrophages reflects the slow response of IRPs to NO. The results shown in Fig. 3 to 5 suggest that the activation pathways stimulated by NO and by iron deficiency may converge, on the basis of the close resemblances between their IRP activation parameters: first, their target specificities, as both IRP-1 and IRP-2 respond to these two signals; second, the fact that the patterns of kinetic activation of IRP-1 and IRP-2 by iron starvation and NO are very similar (Fig. 3) ; and third, that transient exposure of cells to iron chelators and NO donors is insufficient to induce the execution of activation (Fig. 5A) .
How, then, does NO operate the delayed-response pathway? Previous data have suggested that NO (or peroxynitrite generated from NO) can exert a direct effect on the 4Fe-4S cluster of IRP-1, at least in vitro (5, 8, 21) . Our data are consistent with these findings and in addition show that this effect is VOL. 16, 1996 PATHWAYS OF NO AND H 2 O 2 CONTROL OF IRON METABOLISM 3785 kinetically slow in vivo (Fig. 3) . However, since the release of NO by SNAP or NOC-18 is very fast and NO is freely diffusible, one would anticipate a more rapid induction of IRP-1 by these drugs if the basis for this was a direct attack by NO on IRP-1 (perhaps the cluster). Could NO (which readily reacts with iron) affect the iron pool required for IRP-1 cluster reformation rather than destabilize the cluster? NO may sequester low-molecular-weight iron in the form of iron-nitrosyl complexes, a consideration that needs further experimental testing. Thus, the delayed-response pathway operated by NO and by iron deficiency may not affect cluster stability per se but may depend on a decrease in the size of the intracellular iron pool below a critical threshold, leading to a slow shift of the equilibrium towards the iron-free apoIRP-1. This model would also offer a common denominator to account for the differential downstream regulation of IRP-1 and IRP-2. Both proteins are controlled by a regulatory iron pool but then respond differently, by Fe-S cluster switching (IRP-1) and protein stabilization (IRP-2). Notably, iron-nitrosyl complexes have been detected by electron paramagnetic resonance spectroscopy in cytotoxic activated macrophages that release NO (32) and in L1210 leukemia cells cocultured with cytotoxic activated macrophages (9) . By contrast to the delayed-response pathways, we suggest that IRP-1 induction by H 2 O 2 via the fast-response pathway may be caused by the accelerated turnover of the iron-sulfur cluster of IRP-1. The requirement for cellular integrity (36, 43) , the role of phosphorylation implied by the sensitivity to okadaic acid (43) , and the effects elicited upon removal of H 2 O 2 ( Fig. 6) suggest that a signal transduction pathway is involved in triggering IRP-1 induction, most likely by the removal of the 4Fe-4S cluster (43) . H 2 O 2 rapidly (5 to 15 min) induces a response program (induction phase), which can be executed even when the effector is no longer present (execution phase). It is conceivable that certain cells may lack components required to operate this oxidative stress response pathway, while most cells would be predicted to modulate IRP-1 activity by the more "passive" Fe-S cluster assemblydisassembly equilibrium mechanism. Likewise, conditions may exist under which NO rapidly activates IRP-1, possibly by affecting the levels of reactive oxygen intermediates in cells.
Further definition of the fast-response pathway may lead to the identification of novel cluster-removing factors, reminiscent of the role of protein phosphatases. The failure of H 2 O 2 to induce IRP-2 is consistent with recent data suggesting that iron regulation of IRP-2 does not require an IRP-1-type iron-sulfur cluster (27) . The minor level of IRP-2 activation by H 2 O 2 might reflect a posttranslational response of a functionally negligible pool of IRP-2, which is small as judged by the instability of IRP-2 in cells that are not iron deficient (18, 22, 45) . The relative specificity of H 2 O 2 for IRP-1 predicts that cell types and tissues that predominantly express IRP-1 will respond to oxidative stress more profoundly than cells in which IRP-2 is highly expressed. It has been reported that IRP-2 is most highly expressed in the brain (23, 45) , intestine (23) , and heart and muscle (16) . We suggest that the differential susceptibilities of IRP-1 and IRP-2 to H 2 O 2 may form a basis for tissue-specific regulation of IRE-containing mRNAs.
Physiological and pathophysiological implications of IRP-1 regulation by H 2 O 2 . We have previously shown that IRP-1 induction by H 2 O 2 augments TfR mRNA expression and suppresses ferritin biosynthesis (43) . Thus, under conditions of excess of H 2 O 2 , the predicted increase in the intracellular iron concentration is highly toxic in light of the well-established Fenton chemistry. Moreover, a transient (15-min) exposure of cells to H 2 O 2 induces complete IRP-1 activation that is sustained for several hours (Fig. 5B) . These results may have implications for the understanding of the so-called hypoxiareperfusion injury following heart attacks and strokes. Conceivably, the increased H 2 O 2 concentration during the reperfusion phase (50) will induce a prolonged state of IRP-1 activation, leading to increased iron uptake and reduced iron detoxification into ferritin. Interestingly, pharmacological iron chelation in animal models (25) or high ferritin levels in cultured porcine aortic endothelial cells (1) have been found to be protective against ischemia-reperfusion injury.
The results shown in Fig. 6 demonstrate that pharmacological modulation of the respiratory chain which leads to increased generation of mitochondrial reactive oxygen intermediates affects IRP-1 activity, and they provide experimental evidence for the regulation of IRP-1 as a result of respiratory chain activity. This finding may have to be interpreted in the context of our recent observation that two Krebs cycle enzymes (mammalian mitochondrial aconitase and the iron-sulfur subunit of Drosophila melanogaster succinate dehydrogenase) are translationally repressed by active IRP-1 in vitro (13) . Taken together, both results are consistent with the possibility that IRP-1 and reactive oxygen intermediates represent components of a novel regulatory network that allows feedback con- 3 and 7) , or 100 M desferrioxamine (D) for 8 h (lanes 4 and 8) . Cytoplasmic extracts (25 g) were analyzed by EMSA with 25,000 cpm of 32 P-labelled IRE probe in the absence (top panel) or presence (bottom panel) of 2% 2-ME. The positions of IRE-IRP-1 and IRE-IRP-2 complexes and of excess free IRE probe are indicated by arrows. Antimycin A (40 mM) was dissolved in ethanol; the solvent alone has no effect on IRP activity (not shown).
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trol over mitochondrial energy metabolism. This model requires further exploration.
